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KCU7S4  has  the  channel  structure  and  minor  resistance.  Its  double  larger  channels  ensure  that  the  ions 
can  well  exchange  with  other’s,  at  the  same  time,  can  shorten  the  ionic  diffusion  path  and  improve  the 
ionic  and  electronic  transport.  So  KCU7S4  shows  good  electrochemical  property.  The  paper  reports  a  novel 
and  high  performance  supercapacitor  based  on  hybrid  carbon  particles  and  I<Cu7S4  (C/I<Cu7S4) 
electrode.  For  the  hybrid  structure  with  different  proportions  of  C  and  I<Cu7S4,  the  C/KCU7S4  (1:10) 
hybrid  supercapacitor  shows  preferable  electrochemical  performance  and  large  specific  capacitance 
(469  mF  cm-2)  at  high  charge— discharge  rate  (2  mA),  still  retaining  ~95%  of  the  capacitance  over  5000 
cycles  by  charge— discharge  process  at  a  fixed  current  of  10  mA.  Three  supercapacitor  units  in  series  can 
light  50  light-emitting  diodes  (LEDs)  for  2.5  min,  10  LEDs  for  4  min,  one  LED  for  5.5  min.  The  much- 
increased  capacity,  rate  capability,  and  cycling  stability  may  be  attributed  to  the  superionic  conductive 
KCU7S4  nanowires  and  C/I<Cu7S4  hybrid  structure,  which  improve  ionic  and  electronic  transport,  enhance 
the  kinetics  of  redox  reactions  through  the  electrode  system. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Supercapacitors  have  attracted  considerable  interest  as  energy 
storage  devices  in  recent  years.  They  are  widely  used  to  power 
electric  and  hybrid  electric  vehicles.  The  performances  of  the 
supercapacitors  are  largely  dependent  on  the  property  and 
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structure  of  the  electrode  materials  1  ].  It  has  been  well  established 
that  electrodes  with  proper  nanostructures  may  enhance  not  only 
the  power  density  but  also  the  cycling  stability.  At  the  same  time, 
superionic  conductive  materials  are  solids  that  their  ionic  con¬ 
ductivity  is  similar  to  those  found  in  ionic  liquids,  with  applications 
in  electrochemical  energy  storage  devices  [2-4]. 

The  structure  of  I<Cu7S4  is  similar  to  that  of  alfa-Mn02,  which 
consists  of  a  compound  in  which  one  species  form  pseudo-one¬ 
dimensional  channels  and  the  I<+  cations  occupy  the  channels. 
Because  of  its  double  larger  channels  structure,  it  not  only  enhances 
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the  ionic  and  electronics  transportant,  but  also  shortens  the  ionic 
diffusion  path.  When  it  is  applied  across  the  electrodes,  the  K+  ions 
can  well  exchange  with  Li+  ions.  So,  it  exhibits  preferable  electro¬ 
chemical  properties.  In  addition,  at  room  temperature,  its  structure 
is  consistent  with  doubling  of  the  lattice  along  the  c  axis  [5],  and  the 
conducting  pathway  is  primarily  along  the  c  axis  [6],  which  is  in 
accordance  with  the  superion  conduction  [7].  So,  it  displays 
an  extremely  high  ionic  conductivity.  The  KCU7S4  nanowire 
ECs  has  been  reported  and  it  shows  a  good  electrochemical 
performance  with  a  large  specific  capacitance  570  F  g_1  at  a  scan 
rate  of  1  mV  s-1  [8]. 

To  improve  the  electrochemical  performance  of  the  KCU7S4 
nanowires  ECs,  it  also  can  change  the  KQ17S4  electrode  structure, 
hybrid  materials,  and  their  composition.  The  hybrid  electro¬ 
chemical  capacitors,  which  usually  combine  one  battery-type 
faradaic  electrode  (as  energy  source)  with  the  other  capacitive 
electrode  (as  power  source)  in  the  same  cell  [9,10].  It  has  many 
advantages  in  terms  of  device  fabrication,  stability,  excellent  elec¬ 
trochemical  properties  (high  conductivity  and  wide  potential 
window).  Moreover,  a  wide  variety  of  hybrid  ECs  have  been  created 
and  tested,  it  still  displays  a  grand  challenge  to  identify  the  most 
promising  structure  or  architecture  that  dramatically  enhance  the 
capacity  while  maintaining  the  excellent  rate  capability  and 
charge-discharge  cycling  life  [10]. 

Here,  we  demonstrate  a  novel  superionic  conductive  KQ17S4 
nanowires  material,  and  it  shows  a  good  electrochemical  property. 
When  a  voltage  was  applied  across  the  electrode,  the  I<+  ions 
would  exchange  with  Li+  ions  along  the  c  axis  path  [6].  The 
cathodic  and  anodic  currents  nearly  trend  to  zero  at  a  scan  range 
of  0-0.4  V  of  the  KQ17S4  electrode  under  the  low  speed  scan, 
which  is  in  accordance  with  the  superion  conduction  [7].  We  also 
present  an  alternative  route  by  constructing  a  hybrid  carbon 
particles  and  KCU7S4  nanowires  (C/KQ17S4)  for  ECs.  Because  of  the 
high  pseudocapacitance  of  KQ17S4  nanowires  [8],  and  the  good 
stability  and  conductivity  of  carbon  particles,  we  can  achieve  high 
performance  for  capacitors  by  exploring  the  mixing  ratio  of  car¬ 
bon  particles  and  KQ17S4  nanowires.  Experimental  results  show 
that  the  C/KQ17S4  hybrid  ECs  (1:10)  demonstrates  outstanding 
electrochemical  performance  with  large  specific  capacitance  of 
469  mF  cm-2  (300  F  g_1)  at  high  charge-discharge  rate  of  2  mA, 
the  highest  energy  density  of  8.14  mWh  cm-3  and  the  maximum 
power  density  of  664.4  mW  cirr3  at  high  charge-discharge  rate 
of  2  mA.  The  good  electrochemical  stability  has  been  demon¬ 
strated  by  5000  cycles  of  rapid  charge-discharge  at  10  mA,  with 
only  a  capacitance  decline  of  5%.  Moreover,  we  have  connected 
three  hybrid  ECs  units  in  series  to  light  a  light-emitting  diode 
(LED)  for  5.5  min,  10  light-emitting  diodes  (LEDs)  for  4  min,  and 
50  light-emitting  for  2.5  min.  (Supporting  information  Fig.  S2).  All 
the  experimental  results  indicate  the  optimistic  prospect  of  using 
C/KCU7S4  hybrid  nanostructure  as  supercapacitor  electrode 
materials. 

Supplementary  video  related  to  this  article  can  be  found  at 
http://dx.doi.org/10.1016/jjpowsour.2014.03.138. 

2.  Experimental  section 

2.1.  Synthesis  of  the  KCU7S4  nanowires 

Single-crystalline  KCU7S4  nanowires  were  synthesized  by  hy¬ 
drothermal  method,  which  was  reported  elsewhere  [8]. 

2.2.  Assembly  of  the  solid-state  supercapacitor 

Firstly,  C  and  KCU7S4  nanowires  were  mixed  evenly  by  varying 
the  weight  ratio  (1:5, 1:8, 1:10  and  1:15).  Secondly,  the  mixture  of 


C/KCU7S4  was  pressed  into  thin  films  in  10  MPa  with  laminator, 
and  then  the  C/KQ17S4  film  was  fixed  in  the  carbon  block  with 
fulmargin.  Finally,  the  supercapacitors  were  assembled  by  two 
pieces  of  C/KCU7S4  hybrid  electrodes  with  a  separator  (Whatman 
8  pm  filter  paper)  sandwiched  in  between  and  polyvinyl  alcohol 
PVA-LiCl  gel  as  a  solid  electrolyte.  PVA-LiCl  gel  electrolyte  was 
simply  made  as  follows:  12.6  g  Li  Cl  was  mixed  with  60  mL 
deionized  water  and  then  6  g  of  PVA  power  was  added.  The  whole 
mixture  was  heated  to  85  °C  under  vigorous  stirring  until  the 
solution  become  clear.  Then  the  solution  was  keep  at  85  °C 
without  stirring  [11].  Before  the  assembling,  the  C/KCU7S4  hybrid 
electrodes  were  immersed  into  the  PVA-LiCl  solution  for  5  min 
[12].  They  were  then  assembled  one  by  one  and  kept  at  room 
temperature.  After  the  PVA-LiCl  gel  solidified,  the  solid-state 
supercapacitors  were  prepared. 

2.3.  Characterization 

The  method  of  characterization  was  reported  elsewhere  [8].  In 
brief,  the  morphologies,  chemical  composition,  and  the  structure  of 
the  products  were  characterized  by  field-emission  scanning  elec¬ 
tron  microscopy  (Nova  400  Nano  SEM)  and  XRD  (BDX3200  China). 
The  electrochemical  properties  of  three  kinds  of  electrodes  were 
investigated  with  CV  and  charge-discharge  measurements  in  a 
conventional  three-electrode  cell  employing  a  CHI  760D  electro¬ 
chemical  workstation. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  electrocatalysts 

Fig.  1  shows  the  XRD  patterns  of  prepared  KCU7S4  nanowires  and 
C/KCU7S4  hybrid  nanostructure.  From  the  pattern  A,  we  know  that 
the  sample  is  I<Cu7S4.  As  shown  in  the  pattern  B,  all  of  the  C 
diffraction  peaks  match  the  C  structure  (PDF:  41-1487),  with  the 
lattice  constants  a  =  2.47  A,  b  =  2.47  A,  c  =  6.724  A.  So  we  can  know 
that  the  carbon  particles  were  mixed  into  the  KCU7S4  nanowires 
film.  The  SEM  image  of  the  KCU7S4  nanowires  is  presented  in  Fig.  2a, 
the  diameter  of  about  2  pm  and  the  length  up  to  110  pm.  The  size  of 
the  carbon  particles  is  about  5-15  pm.  The  SEM  images  of  the  C/ 
KCU7S4  hybrid  nanostructure  with  the  different  weight  ratio  of  C  to 
KCU7S4  nanowires  (1:5,  1:8,  1:10  and  1:15)  were  presented  in 
Fig.  2b,  c,  d  and  e,  respectively. 
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Fig.  2.  (a)  SEM  images  of  prepared  KC117S4  nanowires,  (b),  (c),  (d)  and  (e)  SEM  images  of  the  C/KC117S4  hybrid  nanostructure  with  the  different  weight  ratio  of  C  to  KCU7S4  nanowires 
(1:5, 1:8,1:10  and  1:15). 


3.2.  Performance  of  hybrid  supercapacitors 

Fig.  3a  displays  CV  curve  of  the  KQ17S4  nanowires  electrode  at  a 
scan  rate  of  0.5  mV  s_1  with  potential  windows  ranging  from  0  to 


0.8  V.  There  vis  a  cross  at  0.45  V  in  the  CV  curve,  and  the  cathodic 
and  anodic  currents  nearly  trend  to  zero  at  a  scan  range  of  0-0.4  V. 
This  reason  is  that  the  KQ17S4  lattice  is  composed  of  a  three- 
dimensional  Cu-S  framework  which  contains  pseudo-one- 


Fig.  3.  (a)  CV  curve  of  I<Cu7S4  nanowires  electrode  at  a  scan  rate  of  0.5  mV  s  1  (b),  (c)  and  (d)  CV  curves  of  C/I<Cu7S4  hybrid  ECs  at  various  scan  rates  by  varying  the  weight  ratio  of  C 
to  KCu7S4  nanowires  (1:5, 1:8  and  1:10). 
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dimensional  channels  in  which  the  K+  cations  reside  [6].  Its 
structure  is  consistent  with  doubling  of  the  lattice  along  the  c  axis 
[8],  and  the  conducting  pathway  is  primarily  along  the  c  axis  [6], 
which  is  in  accordance  with  superion  conduction  [7].  While  Copper 
(I)  sulphide  close  to  their  critical  temperature,  which  exhibits 
superionicity.  Fig.  3b,  c  and  d  shows  CV  curves  of  the  C/I<Cu7S4 
hybrid  ECs  at  various  scan  rates  with  potential  windows  ranging 
from  0  to  0.8  V  by  varying  the  weight  ratio  of  C  to  KCU7S4  nanowires 
(1 :5, 1 :8  and  1 : 10),  all  of  the  CV  curves  exhibit  approximately  box¬ 
like  shapes  with  a  mirror-image  feature,  and  the  shapes  of  these  CV 
curves  do  not  significantly  change  as  the  scan  rate  increased  from  5 
to  100  mV  s-1,  revealing  the  ideal  capacitance  behaviors  and  good 
high-rate  capabilities  of  C/KQ17S4  hybrid  ECs  [12  .  CV  curves  of  the 
C/KCU7S4  hybrid  ECs  with  potential  windows  ranging  from  0  to 
0.8  V  by  the  weight  ratio  of  C  to  KQ17S4  nanowires  (1:15)  also  can  be 
seen  in  Fig.  SI  a.  The  capacitance  of  the  C/KQ17S4  hybrid  ECs  (1 :10) 
was  higher  than  those  for  C/I<Cu7S4  hybrid  ECs  (1 :5, 1 :8  and  1:15). 
For  example,  the  capacitance  of  the  C/I<Cu7S4  hybrid  ECs  (1 :10)  was 
achieved  490  mF  citT2  (-313  F  g_1)  at  a  scan  rate  of  5  mV  s_1, 
which  was  higher  than  the  C/KCU7S4  hybrid  ECs  383  mF  cnrr2(l  :5, 
-245  F  g-1),  401  mF  cm~2  (1:8,  -256  F  g_1)  and  446  mF  cm~2 
(1:15,  -285  F  g_1),  and  the  results  are  shown  in  Fig.  4a.  Such  su¬ 
perior  performances  of  the  C/KCU7S4  hybrid  ECs  can  be  attributed  to 
the  follow  factors.  Firstly,  the  C  particles  have  the  large  specific 
surface  and  good  electrical  conductivity,  so  they  can  not  only 
expand  the  penetration  area  of  the  electrolyte  and  the  C/KCU7S4 
hybrid  electrodes,  but  also  shorten  the  ion  diffusion  path,  enhance 
ionic  and  electronic  transport  through  the  electrode  system.  Sec¬ 
ondly,  if  the  ratio  of  the  C  to  KCU7S4  was  too  small,  the  electrodes 
would  have  poor  conductivity,  and  then  the  capacitor  would  have 
larger  internal  resistance.  If  the  ratio  of  the  C  to  I<Cu7S4  was  too 
large,  the  electrodes  would  mainly  have  exhibited  the  C  properties, 
and  the  pseudocapacitance  properties  of  the  I<Cu7S4  may  not  be 
displayed.  So  the  appropriate  ratio  of  the  C  to  KCU7S4  can  help  to 
improve  the  capacitance  of  the  C/I<Cu7S4  hybrid  ECs.  All  the  results 


show  that  the  C/KCU7S4  hybrid  ECs  (1:10)  exhibits  the  preferable 
electrochemical  performance.  The  galvanostatic  charging-dis¬ 
charging  tests  were  obtained  in  a  stable  potential  window  of  0— 
0.8  V  at  a  fixed  current  of  5  mA,  and  the  results  are  presented  in 
Fig.  4b.  It  shows  good  linear  voltage-time  profiles  with  small  IR 
drops,  and  all  of  the  charging  curves  are  nearly  symmetrical  with 
their  corresponding  discharge  counterparts,  which  indicate  good 
capacitive  behavior  of  the  C/KCU7S4  hybrid  structure.  The  areal 
capacitances  of  C/I<Cu7S4  hybrid  ECs  (1:5, 1:8, 1:10  and  1:15)  also 
were  achieved  at  various  current,  which  are  shown  in  Fig.  4c.  The 
areal  capacitance  of  C/KQ17S4  hybrid  ECs  (1:10)  was  as  high  as 
469  mF  cm_2(  -300  F  g-1)  at  a  current  of  2  mA,  which  was  higher 
than  those  for  the  C/KQ17S4  hybrid  ECs  379  mF  cm-2  (1:5, 
-243  F  g_1),  415  mF  cm"2  (1:8,  -266  F  g”1)  and 

431  mF  cm_2(l:15,  -276  F  g-1),  respectively.  Remarkably,  this 
value  is  also  higher  the  values  reported  for  other  compositions, 
such  as  HZM  electrodes  (about  138.7  mF  cm-2  at  1  mA  cm-2) 
[11  ],  TiN@Mn02  coaxial  arrays  (about  41  mF  cm_2at  0.12  mA  cm-2) 
[13],  W03_x@Au@Mn02  nanowires  (about  105  mF  cm-2  at 
0.06  mA  cm-2)  [12],  Sn02@Mn02  nanowires  (about  64  mF  cm-2  at 
0.0  8  mA  cm-2)  [14  ,  hydrogenated  Ti02@Mn02  nanowires  (about 
70  mF  cm-2  at  2  mA  cm-2)  [15],  and  PEDOT@Mn02  nanoparticles 
(about  62  mF  cm-2  at  5  mA  cm-2)  [16],  and  even  comparable  to 
graphene  sheets/Mn304  composites  (about  242  mF  cm-2  at 
1  mA  cm-2)  [17].  Specific  energy  and  specific  power  are  the  two  key 
factors  for  evaluating  the  power  applications  of  electrochemical 
supercapacitors.  A  good  electrochemical  supercapacitor  is  expected 
to  provide  high  energy  density  or  high  specific  capacitance  at  high 
charging— discharging  rates.  Energy  density  (F)  and  Power  density 
(P)  can  be  calculated  as  E  =  CSV2/2U(1)P  =  E/t  (2)  where  Vis  the 
cell  voltage,  Cs  is  total  capacitance  of  the  device,  U  is  the  device 
volume,  and  t  is  the  discharge  time  [11].  The  Ragone  Plots  clearly 
demonstrate  the  high  power  performance  of  the  C/KCU7S4  hybrid 
ECs  in  Fig.  4d.  The  highest  energy  density  of  8.14  mWh  cm-3  and 
the  maximum  power  density  of  664.4  mW  cm-3  were  achieved. 


Time  (Sec) 


Fig.  4.  (a)  The  areal  capacitance  of  the  different  weight  ratio  of  C/I<Cu7S4  hybrid  ECs  at  different  scan  rates,  (b)  Galvanostatic  charging-discharging  curves  for  C/I<Cu7S4  hybrid  ECs  at 
a  fixed  current  of  5  mA  with  the  different  weight  ratio  of  C/KCu7S4  hybrid  ECs.  (c)  The  areal  capacitance  of  the  different  weight  ratio  of  C/I<Cu7S4  hybrid  ECs  at  different  charging¬ 
discharging  of  current  (d)  Ragone  plot  for  C/I<Cu7S4  hybrid  ECs. 
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Fig.  5.  Optical  photographs  of  the  C/KCu7S4  solid-state  supercapacitor  device,  (a)  Photograph  of  the  capacitance  region.  The  square  indicates  the  capacitance  region,  (b)  Photograph 
of  the  light-emitting-diodes  (LEDs)  driven  by  a  device  composed  of  three  supercapacitors  connected  in  series,  (c)  Galvanostatic  charging-discharging  curves  for  the  C/I<Cu7S4  hybrid 
ECs  at  different  current,  (d)  Cycling  stability  of  C/I<Cu7S4  hybrid  ECs  (1:10)  over  5000  cycles  at  a  fixed  current  of  10  mA.  The  inset  shows  the  galvanostatic  charge/discharge  curve  for 
the  device.  (2  mA  IR  =  0.033  V,  3  mA  IR  =  0.045  V,  5  mA  IR  =  0.062  V,  10  mA  IR  =  0.071  V). 


Furthermore,  we  had  connected  three  supercapacitor  units 
(1:10)  in  series  to  light  a  light-emitting  diode  (LED)  well  for  about 
5.5  min,  10  light-emitting  diodes  (LEDs)  for  4  min,  and  50  light- 
emitting  diodes  for  2.5  min  after  charging  at  20  mA  for  1  min 
(Fig.  5b)  (The  more  details  see  the  supporting  information  in 
Fig.  S2).  Fig.  5a  indicates  the  capacitance  region,  every  device  has 
the  same  area  of  about  1.28  cm2.  Fig.  5c  shows  the  galvanostatic 
charging-discharging  curves  for  the  C/I<Cu7S4  hybrid  ECs  at 
different  current.  The  symmetrical  triangles  of  the  charge- 
discharge  plots  with  small  IR  drops  indicate  an  ideal  electro¬ 
chemical  behavior  of  the  C/KCU7S4  hybrid  electrode.  These  results 
reveal  the  potential  application  of  the  C/KCU7S4  hybrid  nano¬ 
structure  supercapacitor  device  in  energy  storage.  The  long-term 
cycling  stability  of  the  C/ KQ17S4  hybrid  ECs  was  examined  by  a 
cyclic  charge-discharge  process  at  a  fixed  current  of  10  mA  in 
Fig.  5d.  The  specific  capacitance  of  the  C/KQ17S4  hybrid  ECs  (1:10) 
kept  almost  constant  with  slight  fluctuations  over  5000,  which 
reveals  the  C/KCU7S4  hybrid  ECs  has  a  good  long-term  cyclic 
performance. 

4.  Conclusions 

In  summary,  the  KCU7S4  nanowires  are  a  novel  superonic 
conductive  material,  and  it  exhibits  an  extremely  high  ionic  con¬ 
ductivity.  In  addition,  the  C/I<Cu7S4  hybrid  ECs  shows  outstanding 
electrochemical  performances  with  the  largest  specific  capacitance 
of  469  mF  cm-2  (300  F  g-1)  at  the  current  of  2  mA,  the  highest 
energy  density  of  8.14  mWh  cm-3  and  the  maximum  power  density 
of  664.4  mW  cm-3.  It  retains  95%  of  its  initial  capacitance  after 
5000  times.  Furthermore,  they  also  can  be  used  to  fabricate  a 


simple  solid-state  capacitive  device,  and  three  hybrid  ECs  units  in 
series  to  light  a  light-emitting  diode  (LED)  for  5.5  min,  10  light- 
emitting  diodes  (LEDs)  for  4  min,  and  50  light-emitting  diodes  for 
2.5  min.  All  these  evidences  indicate  that  the  C/KQ17S4  hybrid 
nanostructure  is  very  promising  for  the  next  generation  high  per¬ 
formance  electrochemical  supercapacitors. 
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